The reflex bradycardia produced by a transient phenylephrine-induced rise of arterial pressure was investigated in man during rest and supine exercise, before and after autonomic blockade of the heart. Reflex bradycardia diminished proportionally to the tachycardia of exercise. Propranolol slowed the heart at rest and during exercise, but increased the reflex response only at rest, having no effect during exercise. Atropine, or atropine with propranolol, blocked the reflex during rest and exercise. The tachycardia following hypotension induced by amyl nitrite was similarly affected by the two drugs. Tachycardia induced by standing up and by isoprenaline also diminished the reflex bradycardia. It is concluded that reflex heart rate changes following sudden changes of arterial pressure are predominantly parasympathetic, and diminish during exercise in parallel with the decrease of parasympathetic tone. The reflex response is determined partly by the interaction of parasympathetic and sympathetic impulses at the sinoatrial node, shown by the effects of peripheral sympathetic stimulation and blockade at rest. During exercise central depression of the reflex may also occur.
• In a previous paper (1) we showed that muscular exercise in man is accompanied by a reduction of baroreflex sensitivity, where this is defined as the transient reflex change of pulse interval per unit change of systolic pressure provoked by the pressor drug phenylephrine. The decline in the reflex response was proportional to the exercise tachycardia up to heart rates of about 150/min; with still harder exercise, phenylephrine-induced pressure rises were not followed by any demonstrable reflex bradycardia. Increasing the heart From Received January 21, 1971. Accepted for publication December 3, 1971. rate by a different mechanism-standing up-was also associated with a decline in the reflex response (2) .
We have now examined the effects of autonomic blockade of the heart on the essentially linear relation between reflex sensitivity and the prevailing pulse interval (1) at varying levels of muscular activity.
Methods
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the change in pulse interval in msec per mm Hg change in systolic pressure following an injection of phenylephrine, as described previously (1, 3) . All beats, both inspiratory and expiratory, were included for the calculations. In some experiments the pressure was also lowered by amyl nitrite inhalation. No injections of phenylephrine were given until 4 minutes from the beginning of each level of exercise (to reach a steady state), and at least 3 minutes were allowed between each injection at any steady state. Three injections were normally given in each experimental situation.
The basic experimental plan was to test the reflex at rest and during exercise with the autonomic nervous system intact, then at rest and during exercise after blockade of the parasympathetic (by atropine) or the sympathetic nerves (by propranolol), and finally after both divisions of the autonomic system had been blocked by adding the other drug. The following situations were studied (not all in every experiment; details are given in the results section):
1. Resting supine 2. Following inhalation of isoprenaline (Medihaler-iso, 4 mg/ml) sufficient to produce a mild tachycardia 3. During graded supine exercise on a bicycle ergometer (8 to 56 watts) 4. Standing 5. Following gradual atropinization (1.8 mg of atropine sulfate intravenously with the subject resting supine) 6. During exercise after atropinization at the same work loads as before 7. Following injection of 10 mg propranolol intravenously with the subjects resting supine 8. A final period of exercise at the same work loads In some subjects atropine was given before propranolol. The order of the procedures before the blocking drugs were given was not the same in all experiments. Recovery periods were allowed between them. It has been shown previously (1) that the effects of exercise on reflex sensitivity are rapidly reversible.
The method gives reproducible results both over the short (1) and long term (4) .
Results
In all eight subjects reflex sensitivity declined progressively during graded supine exercise (Table 1) , in agreement with our earlier finding for exercise in the upright position (1).
EFFECT OF PROPRANOLOL ON THE REFLEX
Five subjects received propranolol alone. The effects of beta-receptor blockade on the systolic pressure, pulse interval, and phenylephrine regression lines are shown in Figure 1 for one experiment; the slope of a regression line is an index of baroreflex sensitivity (3) . At rest, propranolol produced slight bradycardia in four of the five subjects, and it also increased the slope of the lines in four of the five (P<0.05 by the t-test for paired data with and without the drug). The subject who showed no bradycardia was not the one who showed no increase of reflex sensitivity ( Table 1) . During graded exercise, propranolol reduced the tachycardia and rise of arterial pressure (P < 0.001), the effect being more pronounced at higher levels of exercise. The slopes of the phenylephrine regression lines were, if anything, slightly diminished by propranolol during exercise, but the changes were not significant (when compared with exercise before propranolol), despite its greater effect on the heart rate. Data of Figure 1 plotted as described in the text. Results after isoprenaline and during standing are also shown. The line is the regression line relating only the points for supine rest and exercise with the autonomic nerves not blocked.
When the slopes of the phenylephrine regression lines are plotted against the initial pulse intervals (Io; i.e., the average value of interval just before each injection), the points obtained during rest and exercise without autonomic blockade lie on an approximately straight line, with an intercept on the pulse interval axis (corresponding to zero slope) at approximately 400 msec (heart rate 150/min). Figure 2 shows the data of Figure 1 plotted in this way. The effect of propranolol during rest was both to slow the heart and to increase reflex sensitivity, so that the points for propranolol still lie on the line that describes the relation for the unblocked state. In exercise, however, the points lie to the right of the line, for at any given level of exercise propranolol has slowed the heart without affecting reflex sensitivity.
EFFECT OF ATROPINE
Three subjects received atropine before propranolol. It was injected slowly over a period of 10-15 minutes, so that phenylephrine injections could be given during partial and complete atropinization. In all three, the slope of the phenylephrine regression lines during rest declined as progressive parasympathetic blockade occurred. When the slopes of individual injections are plotted against the initial pulse intervals ( Fig. 3 ) it is evident that the points during parasympathetic blockade lie on roughly the line obtained for graded exercise in the unblocked state, but in one of the three subjects there was some suggestion that the points for atropinization lay below the exercise one. In all three, the reflex was virtually abolished when the initial pulse interval reached 400 msec. During exercise there was a further slight tachycardia in one of the three (Fig. 3) , and in all of them the reflex slopes remained flat. After atropinization, smaller doses of phenylephrine were needed to produce the required pressure rise. Same plot as Figure 2 for a subject given atropine and studied supine at rest and during exercise, with and without the drug. Injections of phenylephrine were also done during partial atropinization. Slope as % of resting value Rest 16 32 Intensity ot exercise Watts
FIGURE 4
Average results for seven of the eight subjects, showing the effects of autonomic blockade on pulse interval (top) and baroreflex sensitivity (bottom).
EFFECT OF COMBINED BLOCKADE
Four of the subjects received both drugs; in three, propranolol was given first, and in one atropine first. About 30 minutes elapsed between administration of the first and second drug. As with atropine alone the slopes were almost wholly abolished both at rest and during exercise ( Fig. 1 and Table 1 ). When the slopes were plotted against the initial pulse interval (Fig. 2) the points for combined autonomic blockade did not lie on the line obtained for rest and exercise in the unblocked state.
The effect of the two drugs (when given separately) on the heart rate, expressed as pulse interval, and on baroreflex sensitivity are plotted as a function of the work load (in watts) in Figure 4 . The slopes of the phenylephrine regression lines have been expressed on a percentage basis because of the variation in resting values for the different subjects.
EFFECTS OF ISOPRENALINE AND CHANGE OF POSTURE ON THE REFLEX
The effect of isoprenaline was studied in seven subjects while they were resting supine and before atropine or propranolol had been given. The tachycardia produced by isoprenaline is primarily due to a direct action on the heart, so that if the slope of the phenylephrine regression lines is solely regulated by the central nervous system, isoprenaline should not affect the slope, but merely reset the lines in the direction of tachycardia. The results are summarized in Table 2 . Pulse pressure and heart rate were increased in all seven subjects, and in six of them the slopes of the phenylephrine regression lines were diminished to the same extent by isoprenaline as by exercise at the same pulse interval. (The value for exercise was calculated from the regression equation relating reflex sensitivity and initial pulse interval by substituting the initial pulse interval observed after isoprenaline. The average difference between the observed and predicted values of reflex sensitivity was ± 2 
Effects of autonomic blockade and exercise on reflex sensitivity measured by the amyl nitrite method.
Pooled results from all the subjects.
msec/mm Hg.) Thus the points for isoprenaline on the reflex sensitivity-pulse interval plot (Fig. 2) appear to lie on the line joining the points for rest and exercise. These are at least two ways in which isoprenaline might have changed reflex sensitivity: first, by increasing the heart rate, and second, by increasing the pulse pressure. To decide which of these was more important, the effect of change of posture was also studied. It has been shown previously (2) that when standing up and light supine exercise produce the same degree of tachycardia, they also produce similar flattening of the reflex lines (this can be seen in Fig. 2 ). In the present experiments both isoprenaline and standing up caused a tachycardia and a diminution of the slopes, but the effects on the pulse pressure were different: standing up decreased it and isoprenaline increased it ( Table 2) ; i.e., the change of reflex sensitivity that occurred with isoprenaline was most probably due to the tachycardia.
RESPONSE TO FALLING PRESSURE
The evidence quoted above suggests that the reflex bradycardia following a rise of arterial pressure is largely vagal in origin.
Lowering arterial pressure acutely with amyl nitrite produces a tachycardia, and pulse interval can be plotted against systolic pressure as with phenylephrine. The slopes obtained with amyl nitrite are less than half as great as those with phenylephrine, but in any one subject are consistently related to them (5).
Amyl nitrite was inhaled at rest and during exercise, with and without atropine, and at rest after propranolol had been given. The results for all the subjects are given in Figure  5 . Propranolol increased the amyl nitrite slope at rest in three out of four subjects, and in one there was a decrease. Atropine (three subjects) and atropine with propranolol (four subjects) virtually abolished the slopes. Exercise also diminished the slopes, so that in all the situations tested the response to falling pressure with amyl nitrite was affected in the same way as the response to rising pressure with phenylephrine.
Discussion
The main purpose of these experiments was to establish the relative importance of the parasympathetic and sympathetic nerves in producing the reflex bradycardia which follows a phenylephrine-induced rise of arterial pressure and to investigate the mechanism by which the response is diminished during exercise. When the subjects were at rest, the two blocking drugs had opposing effects on the reflex response, for atropine abolished it and propranolol tended to augment it slightly. Atropine also blocked it during exercise, but propranolol then had no effect. These results indicate that the reflex is mediated via the parasympathetic nerves at rest and during exercise, but that the response declines during exercise as parasympathetic tone is withdrawn. During hard exercise the response becomes vanishingly small beyond a heart rate of 150/min (pulse interval 400 msec), although it is known from other work (6) that some parasympathetic tone persists up to a rate of 190/min (pulse interval 300 msec).
Robinson et al. (7) did experiments very similar to ours, but with two important differences: first, they used a steady state method, and second, they expressed the cardiac slowing in terms of heart rate. This gives a hyperbolic relation when plotted against arterial pressure, which is more difficult to interpret quantitatively than the straight-line relation between pressure and pulse interval. The relative merits of the two methods of expressing the results have been discussed elsewhere (8) . Their data are in fact in general agreement with ours, although they concluded that there was no alteration of reflex sensitivity during exercise, because the heart rate changes were of the same order as at rest. They also concluded that the bradycardia was mediated by the parasympathetic nerves at rest, but largely by the sympathetic nerves during exercise. In fact, the only major difference between the two sets of results is that during exercise the transient response (our data) is parasympathetic, whereas the steady-state response (their data) is mediated by both divisions of the autonomic system. This difference is probably one of timing, for Wang and Borison (9) found that in the dog the reflex bradycardia following carotid sinus distention was predominantly parasympathetic at first, with sympathetic effects becoming more important after about 30 seconds.
The results with amyl nitrite indicate that the transient reflex tachycardia in response to falling pressure is also largely parasympathetic. The data of Robinson et al. for the steadystate relation (again in terms of pulse interval) when glyceryl trinitrate was used to lower the pressure suggest that the tachycardia is mediated by both parasympathetic and sympathetic nerves, since it was reduced both by propranolol and by atropine. These differences may again be because the relative contributions of the two divisions of the autonomic system are not the same for the transient response as for the steady state.
POSSIBLE MECHANISMS FOR THE CHANGE OF REFLEX SENSITIVITY
The decline of reflex sensitivity during exercise could be due to changes occurring at three different parts of the reflex arc: first, at the baroreceptors, second, at the sinoatrial Circulation Research, Vol. XXX, February 1972 node and third, in the central nervous system.
Baroreceptors.-We discussed previously (1) the possibility that the baroreceptors might become saturated at high levels of exercise and hence be less able to detect a change of arterial pressure. It is, however, difficult to account for all the changes on this mechanism: isoprenaline and standing up have opposite effects on the pulse pressure (and presumably on receptor discharge), and yet at the same heart rate reflex sensitivity is similar in the two cases. Also, the pressure in the aortic arch changes little if at all during exercise (10) , so that saturation of the aortic receptors seems unlikely.
Direct sympathetic modulation of baroreceptor discharge is a theoretical possibility, but there is as yet no evidence for this in man.
Sinoatrial Node-One possible explanation for the enhancement of the reflex response at rest by propranolol is that the effects of vagal stimulation are more pronounced when the influence of the sympathetic nerves on the heart has been withdrawn. The evidence from animal work on this point is somewhat conflicting. Rosenblueth and Simeone's results for the cat (11) show that more bradycardia (in terms of pulse interval) is produced by a given frequency of vagal stimulation with the sympathetic nerves cut than with them intact, but this does not appear to be the case in the dog (12, 13) . There are no directly comparable data for man, although the response of the heart to carotid sinus nerve stimulation may be increased by propranolol (14) .
The experiments with isoprenaline are also relevant here. If the cardiac response to reflex vagal stimulation is unaffected by the level of sympathetic activity at the sinoatrial node, isoprenaline acting peripherally should merely shift the phenylephrine regression lines in the direction of tachycardia without altering their slopes. If, however, peripheral parasympathetic-sympathetic nerve interactions are important, the slopes will be affected. In actual fact isoprenaline diminished the slopes, supporting the latter view.
If the same mechanism is responsible for the changes that occur during exercise, i.e., if the increased sympathetic tone of exercise blocks the reflex parasympathetic changes, we should expect propranolol to have a greater effect on reflex sensitivity during hard exercise, when sympathetic tone is high, than at rest, when it is low. In fact, propranolol had no demonstrable effect on the reflex during exercise, although it did slow the heart more than at rest. The data of Robinson et al. (7) are consistent with this, for propranolol increased the reflex response to phenylephrine in three out of four subjects at rest, but decreased it in three out of four during exercise.
Central Nervous System.-Since blocking one efferent limb of the autonomic nervous system by propranolol did not modify the decline of reflex sensitivity during exercise, we cannot explain the changes that occur with exercise solely by interactions between parasympathetic and sympathetic nerves at the sinoatrial node. The third possibility is that during exercise there is a central depression of the reflex, whose effects are superimposed on the peripheral mechanism at the sinoatrial node. There is abundant evidence from animal work to show that central modulation of the baroreflex control of heart rate can occur (15) (16) (17) (18) (19) . Gebber and Snyder (17) found that stimulation of the hypothalamus in cats could abolish the reflex parasympathetic bradycardia produced by carotid sinus distention, but it did not affect the response of the heart to stimulation of the peripheral end of the cut vagus, nor did it abolish the blood pressure response to carotid sinus distention, showing that this central modulation was specific to the parasympathetic nerves and did not affect the sympathetic nerves in the same way. Stimulation of the forebrain of the cat can facilitate reflex vagal bradycardia (19).
In conclusion, these results suggest that the baroreflex regulation of pulse interval may be modulated in more than one way: by the balance of sympathetic and parasympathetic influences acting on the sinoatrial node, and by central changes of reflex sensitivity.
